We showed previously that rad50 and mre11 genes of thermophilic archaea are organized in an operonlike structure with a third gene (nurA) encoding a 5¢ to 3¢ exonuclease. Here, we show that the rad50, mre11 and nurA genes from the hyperthermophilic archaeon Sulfolobus acidocaldarius are cotranscribed with a fourth gene encoding a DNA helicase. This enzyme (HerA) is the prototype of a new class of DNA helicases able to utilize either 3¢ or 5¢ single-stranded DNA extensions for loading and subsequent DNA duplex unwinding. To our knowledge, DNA helicases capable of translocating along the DNA in both directions have not been identi®ed previously. Sequence analysis of HerA shows that it is a member of the TrwB, FtsK and VirB4/VirD4 families of the PilT class NTPases. HerA homologs are found in all thermophilic archaeal species and, in all cases except one, the rad50, mre11, nurA and herA genes are grouped together. These results suggest that the archaeal Rad50± Mre11 complex might act in association with a 5¢ to 3¢ exonuclease (NurA) and a bipolar DNA helicase (HerA) indicating a probable involvement in the initiation step of homologous recombination.
INTRODUCTION
Rad50/SbcC and Mre11/SbcD are ubiquitous proteins involved in many DNA metabolic pathways that maintain genome integrity. In Eucarya, the Rad50 and Mre11 proteins, in association with a third protein partner (Xrs2 in yeast, Nbs1 in vertebrates) play a key role in homologous recombination, non-homologous end-joining, telomere maintenance, cell's response checkpoint to double-stranded breaks (DSBs) and DSB formation during meiosis (reviewed in 1). In Bacteria, these proteins, called SbcC and SbcD, are involved in homologous recombination (at least when the major initiation complex of the pathway, RecBCD, is not functional), and in the elimination of palindromic sequences during DNA replication (2) . In Archaea, the Rad50 and Mre11 homologs are also expected to have a key function in DNA metabolism pathway(s), but presently, no genetic evidence is available. In particular, these proteins could play a major role at the initiation step of homologous recombination. Indeed, as in the case of Eucarya, no homologs to the two major bacterial protein complexes involved in such a process, RecBCD and RecFOR, are found in Archaea (3, 4) . During the initiation of homologous recombination, DNA ends have to be processed in 3¢ overhangs which are necessary for the loading and the activity of recombinases (5) . This step is well understood in Bacteria and is mostly performed by the RecBCD complex. This complex exhibits helicase, endonuclease and both 3¢ to 5¢ and 5¢ to 3¢ exonuclease activities. After recognition of cisacting`chi' sites on the chromosome, the 5¢ to 3¢ exonuclease activity is up-regulated leading to the generation of long 3¢ DNA tails (6) . Concerning the Rad50/SbcC and Mre11/SbcD pathway, these proteins have been shown in all kingdoms, to form a complex that exhibits enzymatic activities inherent to the SbcD/Mre11 phosphoesterase, i.e. single-stranded endonuclease and 3¢ to 5¢ double-stranded exonuclease activities, as well as a mechanical function relevant to the Rad50/SbcC protein (7±11). Structural and microscopy studies suggest that the role of the Rad50/SbcC protein, which is a member of the structural maintenance of chromosomes (SMC) protein family, could be to maintain DNA molecules in close contact (12, 13) . In Eucarya, the third protein partner Xrs2/Nbs1, for which no homolog is found in Bacteria and Archaea, seems to regulate (at least in humans) the endonuclease activity associated with the Rad50±Mre11 complex in an ATPdependent fashion, and this regulation leads to the cleavage of 3¢ DNA tails (14) . The activities associated with the Rad50/ SbcC±Mre11/SbcD complex do not lead to an understanding of how this complex acts in the processing of DNA ends in 3¢ overhangs during homologous recombination. Thus, several workers suggested that other protein partners, such as a 5¢ to 3¢ nuclease and/or a DNA helicase, could be associated with the complex in order to process DNA ends (1, 14) . In agreement with this hypothesis, we recently showed that the rad50 and mre11 genes from most thermophilic archaea are linked to a gene, nurA, encoding a 5¢ to 3¢ exonuclease that might be involved in such a process and is the prototype of a novel nuclease family (15) .
In the present report, we show that a fourth, previously uncharacterized, gene is co-transcribed with rad50, mre11 and nurA genes in the thermophilic archaeon Sulfolobus acidocaldarius and that the four genes cluster is present in the genomes of most of the thermophilic archaeal species. Computer-aided sequence analysis indicates that the protein encoded by the uncharacterized gene is related to the PilT/VirD4 class of NTPases. Characterization of the S.acidocaldarius protein shows that it is a previously undetected type of DNA helicase, which has the striking property to load on either a 3¢ or a 5¢ DNA tail for subsequent DNA unwinding (we called this enzyme HerA for`helicase repair of Archaea', to correspond to NurA,`nuclease repair of Archaea').
These results strongly suggest that the Rad50, Mre11, NurA and HerA proteins from thermophilic archaea could act in DNA ends processing at the initiation step of homologous recombination.
MATERIALS AND METHODS

Genomic context and sequences analyses
Genomic context analyses were performed using the GENOMAPPER program developed by Y. Zivanovic in the IGM, Orsay. The non-redundant protein sequence database (NCBI, NIH, Bethesda, MD) was searched using the PSI-BLAST program (16) and multiple sequence alignments were constructed using the T-Coffee program (17) , with manual corrections.
Nucleic acids, enzymes and other reagents
[g-32 P]ATP was obtained from Amersham Pharmacia Biotech and T4 polynucleotide kinase from Promega. Single-stranded M13mp19 DNA and PBR322 DNA were from Invitrogen. The pET-30Ek/lic vector was from Novagen and oligonucleotides were synthesized by MWG biotech.
RT±PCR analyses
Sulfolobus acidocaldarius DSM 639 was grown as previously described (18) until OD 600 0.5. Cells were washed with 200 mM Tris±HCl pH 8, resuspended in 50 mM EDTA, and SDS and sodium acetate were added to a ®nal concentration of 1% and 50 mM, respectively. Total RNA was puri®ed by hot acid±phenol extraction and submitted to a DNAse, Rnase free, treatment. One microgram of total RNA was used to perform each reverse transcription (RT) assay as described by the manufacturer (thermoscript RT±PCR System, Invitrogen) using either a nurA-speci®c primer (5¢-TTAATAAAATTG-GCTAGGC-3¢) or a rad50-speci®c primer (5¢-TTATC-TATCATAACTTGAC-3¢). PCRs were performed on RT products with the speci®c primers indicated in the legend of Figure 3 . Reaction products were analyzed by electrophoresis on 0.7% agarose gel and ethidium bromide staining.
Cloning of the S.acidocaldarius herA gene Sulfolobus acidocaldarius genomic DNA was prepared as described previously (19) and the herA gene was ampli®ed by PCR using the Pfu polymerase (Promega) and speci®c herA primers. The 3¢ primer was designed from the sequencing of the S.acidocaldarius rad50±mre11 operon (15) and the 5¢ primer was determined from the S.acidocaldarius genome sequencing project communicated by R. Garret's laboratory. The herA gene was inserted into pET-30 Ek/LIC Vector as described by the manufacturer. Site-directed mutagenesis of the lysine 153 was performed using the QuikChange Multi Site-Directed Mutagenesis Kit (Stratagene) and the mutagenic oligonucleotide, 5¢-GGCAGCAACAGGGTCAGGTGCATC-AAATAC-3¢ (the introduced mutated codon GCA instead of AAA is underlined). The sequencing of the wild-type and the mutated herA genes inserted into pET-30 vector was performed using the fmol DNA cycle sequencing system from Promega.
Expression and puri®cation of the recombinant protein
The HerA protein was overproduced in BL21(DE3) Rosetta Escherichia coli cells (Novagen). When the culture reached an OD 600 of 0.5, gene expression was induced by the addition of 1 mM b-D-thiogalactoside. After a further 3 h of growth, the cells were harvested, resuspended in buffer A [20 mM HEPES pH 7.5, 1 M NaCl, 0.03% (v/v) Tween-20, 1 mM PMSF, 5 mM b-mercaptoethanol, 1 mg/ml pepstatin, 1 mg/ml leupeptin], and disrupted by sonication. After a 30 min centrifugation at 12 000 g, the soluble fraction was mixed with 1 ml of Ni-NTA resin (Qiagen) and incubated for 2 h at 4°C with gentle shaking. The resin was then packed, and the column was washed with 10 volumes of buffer A followed by a 5 volume wash with 20 mM imidazole in buffer B (buffer A containing 100 mM NaCl). Proteins were eluted with 200 mM imidazole in buffer B. Imidazole was removed with a PD-10 column (Bio-Rad) in buffer B and the fraction was loaded onto a 1 ml Source 30S column (Amersham). The column was washed with 10 volumes of buffer B and a 30 ml linear salt gradient from 100 mM to 1 M NaCl was applied. HerA protein was eluted at 480 mM NaCl and dialyzed against buffer B. Protein concentration was determined by the Bradford (Bio-Rad) method with bovine serum albumin as the standard. Proteins were stored at ±80°C. The HerA K153A protein was overproduced and puri®ed using the same protocol.
Preparation of substrates for helicase assays
Four oligonucleotides were synthesized and used for the preparation of the helicase substrates. Oligonucleotides were puri®ed by extraction from a 10% denaturing-polyacrylamide gel (7 M urea) and labeled in a 50 ml reaction mixture containing 10 pmol of oligonucleotide, 1Q polynucleotide kinase buffer, 50 mCi of [g-32 P]ATP and 10 units of T4 kinase for 30 min at 37°C. Labeled oligonucleotides were separated from free nucleotides with a G-25 spin column (Amersham).
The substrate used in the standard DNA helicase reaction was prepared by annealing the 5¢ end-labeled 48mer oligonucleotide (5¢-CACGACGTTGTAAAACGACGGCCA-GTGAATTCGAGCTCGGTACCCGGG-3¢) to M13mp19 single-stranded DNA. The single-stranded overhang substrates were prepared by annealing either the 30mer labeled oligonucleotide (5¢-GGTCAGTGCTGCAACATTTTGCTG-CCGGTC-3¢) for the 5¢ overhang substrate, or the 30mer labeled (5¢-GCCCCTAGGAGATCTCAGCTGGACGTC-CGT-3¢) for the 3¢ overhang substrate, to the 79mer oligonucleotide (5¢-ACGGACGTCCAGCTGAGATCTCC-TAGGGGCCCATGGCTCGAGCTTAAGTGACCGGCAG-CAAAATGTTGCAGCACTGACC-3¢). The blunt DNA substrate was prepared by annealing the labeled 30mer oligonucleotide used for the 3¢ overhang substrate to the 30mer complementary oligonucleotide (5¢-ACGGACGTCC-AGCTGAGATCTCCTAGGGGC-3¢). For each substrate, annealing was performed as followed: 3 pmol of labeled oligonucleotide were mixed with 1.5 pmol of non-labeled oligonucleotide or ss M13mp19 in a 30 ml reaction mixture containing 100 mM NaCl, 20 mM HEPES, pH 7.5 and 15 mM MgCl 2 . Reactions were placed in a heat block at 100°C and then slowly cooled to room temperature. The annealed substrate was separated from free oligonuleotides with microSpin S-400 columns (Pharmacia Biotech).
DNA helicase assays
DNA helicase activity was performed in reaction mixtures (20 ml) containing 20 mM HEPES pH 7.5, 50 mM NaCl, 10 mM MgCl 2 , 1 mM dithiothreitol, 200 mg of bovine serum albumin, 2.5 mM ATP, 10 fmol of helicase substrate and the indicated amounts of HerA protein for 30 min at 70°C (Fig. 5b and c). Time courses of helicase activity ( Fig. 5d and e) were performed in the presence of 400 nM of HerA in order to obtain a linear rate of unwinding for the time range used (in Fig. 5e , each point represents the average of triplicate determinations and the determination coef®cient R 2 is 0.97). Reactions were stopped by the addition of 5 ml of a 5Q stop solution (®nal concentrations: 50 mM EDTA, 0.5% SDS, 30% glycerol, 0.3% bromophenol blue, 0.3% xylene cyanol) and then run on a 10% polyacrylamide TBE gel at a constant voltage (100 V) and exposed to a PhosphorImager screen (Molecular Dynamics).
ATPase assay
The time course of the ATPase activity was performed in 120 ml reaction mixtures containing 20 mM HEPES pH 7.5, 50 mM NaCl, 10 mM MgCl 2 , 100 mM ATP, 9 nM [g-32 P]ATP, 1 mM dithiothreitol, 200 mg of bovine serum albumin and 40 nM HerA protein in the absence or presence of doublestranded or single-stranded DNA (1 nM pBR322 or 1 nM fX174) at 70°C. At the indicated times, aliquots of 20 ml were chilled on ice and 2 ml of 500 mM EDTA was added to stop the reaction. One microliter of each aliquot was spotted onto a polyethyleneimine-cellulose thin-layer plate, and ATP and Pi were separated by chromatography in 1 M formic acid/0.5 M LiCl. The extent of ATP hydrolysis was quantitated by PhosphorImager analyses. The amount of HerA protein was selected in order to obtain a linear rate of hydrolysis for the time range used. The initial rate of ATP hydrolysis was evaluated with determination coef®cients (R 2 ) of 0.98 and 0.96 for single-stranded DNA and double-stranded DNA, respectively.
RESULTS
An uncharacterized gene is grouped with mre11, rad50 and nurA genes in most thermophilic archaeal species
We previously isolated an archaeal gene, nurA, which is linked to the rad50 and mre11 genes in most thermophilic archaeal species. The rad50, mre11 and nurA genes cluster with a fourth gene of~1500 nt in all thermophilic archaeal genomes available, with the only exception of Methanococcus jannaschii; the gene order in this cluster is variable (Fig. 1) . In all species, this gene encodes a highly conserved protein of 55 kDa (30±40% identity between phylogenetically distant archaea). Multiple alignment of amino acid sequences shows that the N-terminal and C-terminal thirds are most highly conserved (Fig. 2) . The N-terminal portion of the protein contains the Walker A motif and the C-terminal portion (Fig. 2) . These motifs are hallmarks of P-loop NTPases (20, 21) , which leads to the prediction that proteins of this family have NTPase activity, as noticed previously during the annotation of the COG database (COG0433) (22) . Members of the HerA family are present in all archaea, with at least one and often two or three members per archaeal genome. They are also found in several bacterial lineages, but are not detectable in any of the eukaryotic genomes sequenced so far. None of these genes has been presently functionally characterized. In Methanobacterium, the herA gene is apparently split into two distinct genes (MTH541 and MTH542). The MTH542 protein contains the N-terminal half of the predicted NTPase. The MTH541 protein contains the C-terminal half of the NTPase module fused to the Mre11 nuclease domain within the same polypeptide. This gene organization suggests that the MTH541 and MTH542 proteins form a complex that reconstitutes a functional NTPase domain and also that Mre11 nuclease might interact physically with the C-terminal domain of HerA in all archaea.
The S.acidocaldarius herA, mre11, rad50 and nurA genes are part of the same transcription unit
In order to determine if the four genes are co-transcribed, we analyzed their expression in S.acidocaldarius by RT±PCR assays. In a ®rst step, total RNA from S.acidocaldarius was puri®ed and subjected to RT reactions. In order to limit the length of the expected products and to optimize reaction yields, we performed two reactions using either a nurAspeci®c primer or a rad50-speci®c primer (Fig. 3a) . In a second step, the products of each RT reaction were subjected to PCR analyses. Using nurA reverse products and primers in 5¢ of the mre11 gene and in 3¢ of the nurA gene, a molecule of 5000 bp, the length of which corresponds to the added size of rad50, mre11 and nurA genes, was ampli®ed (Fig 3b, lane 3) . Indeed, this species contains the rad50, mre11 and nurA genes, as shown by independent ampli®cation of each of these three genes (Fig. 3b, lanes 4±6 ). Using rad50 reverse products and primers in 5¢ of the herA gene and in 3¢ of the rad50 gene, we ampli®ed a 5500 bp molecule (Fig. 3c, lane 2) , and showed that it contains the herA, rad50 and mre11 genes (Fig. 3c, lanes 3±5 ). In each case, PCR control performed on S.acidocaldarius total RNA gave no ampli®cation product, demonstrating the absence of any contaminating DNA. These results demonstrate that the herA, mre11, rad50 and nurA genes are part of the same operon and might be involved in the same metabolic pathway.
Puri®cation and characterization of the HerA protein
In order to characterize the HerA protein, the S.acidocaldarius gene was cloned into pET-30 expression vector and the recombinant protein was overproduced in E.coli as a N-terminal His 6 -tag protein. Following a two-step puri®cation procedure (see Materials and Methods), the protein migrates as a single band on SDS±polyacrylamide gels with an apparent molecular mass of 60 kDa, consistent with the predicted molecular mass of the His 6 -tag protein (Fig. 4) . The identity of the protein was further con®rmed by western blotting analyses using speci®c antibodies raised against internal peptides of the protein (data not shown). In a ®rst experiment, we tested the puri®ed protein for ATPase activity in either the presence or (Fig. 5a) . The genomic context of this DNA-dependent ATPase suggested that this protein might act as a DNA helicase associated with Mre11, Rad50 and NurA proteins. Thus, we tested the ability of the protein to unwind a labeled oligonucleotide annealed to a circular single-stranded DNA. As shown in Figure 5b , the protein is able to displace the oligonucleotide in the presence of ATP and the percentage of the oligonucleotide released is dependent on the protein/DNA ratio. Quanti®cation of the reaction products indicate that >80% of the oligonucleotide is displaced using a protein/DNA ratio of 200, indicating that the ef®ciency of the HerA protein is similar to that of other helicases, such as the E.coli RecD helicase (23) . Using sitedirected mutagenesis, we introduced a point mutation in the Walker A motif of HerA, replacing the conserved lysine, which is essential for ATP-binding and hydrolysis in P-loop NTPases (20) with alanine (K153A). The K153A HerA protein was then overproduced in E.coli and puri®ed using the same procedure as for the wild-type protein. As shown in Figure 5b , the puri®ed K153A HerA protein does not exhibit any detectable helicase activity (neither ATPase activity, data not shown). This result unambiguously demonstrates that the helicase activity is not due to any contaminating protein and is intrinsic to the HerA protein. Next, we tested different DNA templates in order to determine the polarity of its translocation along DNA. A 79mer oligonucleotide was synthesized and annealed to two different 5¢ radiolabeled oligonucleotides: the ®rst one corresponds to a 30mer oligonucleotide complementary to the 3¢ part of the 79mer that leads to a DNA substrate with a 49 nt 5¢ overhang, and the second one corresponds to a 30mer oligonucleotide complementary to the 5¢ part of the 79mer leading to a DNA substrate with a 49 nt 3¢ overhang. For the two substrates, we used equal length complementary oligonucleotides with the same GC content in order to get equivalent stability at 70°C. We also veri®ed the position of each hybridized oligonucleotide either by restriction enzyme digestions in the case of the 3¢ overhang substrate or by a primer extension assay in the case of the 5¢ overhang substrate (data not shown). As shown in Figure 5c , the HerA protein is able to unwind the two DNA templates and quanti®cation of the reaction products indicates that the amount of displaced oligonucleotide is in the same range for the two DNA substrates whatever the protein/DNA ratio used. This suggested that either the helicase is able to utilize a blunt DNA end for loading and subsequent DNA unwinding or the HerA helicase is capable of utilizing both 3¢ and 5¢ DNA tails (the former possibility is incompatible with the results obtained with the precedent helicase assay for which no blunt end was available). Thus, we tested the helicase activity using a blunt DNA duplex. As shown in Figure 5c , no detectable helicase activity was recovered on this substrate even at a protein/DNA ratio of 500, indicating that HerA needs single-stranded DNA tails to initiate the helicase reaction. Time courses of DNA unwinding were performed using the 3¢ and 5¢ DNA tail substrates in the presence of 400 nM HerA (Fig. 5d , each experiment was performed in triplicate). Quanti®cation of reaction products showed that the initial velocity of DNA unwinding is equivalent for both substrates (0.75 fmol of released oligonucleotide per minute, Fig. 5e ) demonstrating that HerA utilizes 3¢ and 5¢ DNA tail substrates for loading and subsequent DNA unwinding with the same ef®ciency.
The HerA protein family is related to the TraD/VirD4-and FtsK-like ATPases of the PilT/VirD4 class The HerA helicase does not contain the classical helicase motifs which are seen in helicases superfamily 1/2 or helicases belonging to the AAA+ superclass. However, careful examination of the sequence shows that the P-loop NTPase domain of the HerA proteins has an additional strand after the Walker B strand that ends in a polar residue. These features suggest that the HerA family belongs to the additional strand conserved glutamate (ASCE) division of the P-loop NTPase fold (24) , which includes the AAA+ class, the ABC class, the RecA/F1/F0 class, the superfamily 1/2 helicases, and the PilT/ VirD4 class. The arginine of the conserved motif downstream of the Walker B motif (Fig. 2) is predicted to function similar to the arginine ®nger of the AAA+ ATPAses (25±28). The conserved glutamine, which is located downstream of this arginine, might act as a sensor of the nucleotide hydrolysis, analogous to the polar residue in the sensor-1 motif of the AAA+ ATPases (25, 26) , motif III of SFI helicases (29) 
, and the [ST][AG][ST] motif of the SFII helicases (30).
A search of the NR database with the PSI-BLAST program using a position-speci®c score matrix (PSSM) of the HerA family recovered the bacterial FtsK and the TraD/VirD4 proteins of the PilT/VirD4 class (E-values in the range of 10 ±7 ±10 ±12 ) in the second iteration. Reciprocal searches with the PSSMs of the FtsK and TraD/VirD4 families recovered the HerA family members as the best hits, to the exclusion of all other NTPases. Even when the search was conducted after masking the Walker A motif, which is strongly conserved in all P-loop NTPases, members of each of the above families recovered each other as the best hits. Examination of the multiple alignment of these NTPase families revealed a characteristic motif (typically, R-x2-s-x2-hhh-x2-Q; where`s' is a small residue and`h' is a hydrophobic residue, Fig. 2) , which encompasses the helix and the strand located immediately downstream of the Walker B motif. Thus, the HerA family is speci®cally related to the TraD/VirD4-and FtsK-like ATPases of the PilT/VirD4 class. Various members of the PilT/VirD4 class are involved in diverse DNA transportrelated processes: TrwB proteins encoded by numerous conjugative plasmids of proteobacteria are involved in cellto-cell DNA translocation during conjugation (31), VirD4 proteins are involved in the transfer of bacterial plasmids of nodule-and tumor-forming a-proteobacteria into plant cells (32) and FtsK proteins are involved in the pumping of DNA into the daughter cells during bacterial cell division (33) .
DISCUSSION
In all organisms studied so far, initiation of homologous recombination requires the processing of DNA ends in 3¢ overhangs, which are required for recombinase loading and subsequent DNA strand invasion. This process is highly complex and involves many interactive and regulated activities. Whereas this process has been extensively characterized in the case of the bacterial RecBCD pathway (6), the Rad50/ Mre11 (SbcC/SbcD) pathway, which is the major recombination initiation mechanism in Eucarya and, possibly, in Archaea, is poorly understood.
In this study, we report the characterization of a new gene encoding a novel type of DNA helicase HerA that might be involved in such a process in hyperthermophilic archaea. Overproduction and characterization of the S.acidocaldarius HerA protein show that it is indeed associated with a DNA helicase activity using a primed single-stranded circular DNA as substrate and protein/DNA ratios in the range of those used for other DNA helicases (34) . The enzyme exhibits ATPase activity that is slightly stimulated by either circular single-or double-stranded DNA with a weak preference for doublestranded DNA. Stimulation of the ATPase activity associated with DNA helicases by circular double-stranded DNA was previously reported in the case of helicases either involved in DNA replication or recombination (35, 36) . We demonstrate unambiguously that the helicase activity is intrinsic to the HerA protein, since a single mutation in a conserved amino acid that is involved in nucleotide binding in most P-loop ATPase (the conserved lysine of the Walker A motif) completely abolished both the ATPase and the helicase activities. Moreover, we tested the polarity of the helicase using commonly used substrates for such assays, i.e. a blunt ends linear substrate and linear substrates containing a blunt end and either a 3¢ or a 5¢ long single-stranded DNA tail. Our results show that HerA is unable to act on substrates that contain only blunt ends but has the striking property to utilize with the same ef®ciency 3¢ and 5¢ overhangs for loading and subsequent DNA unwinding.
Amino acid sequence analysis showed that this DNA helicase does not belong to helicases superfamilies 1 or 2 (37) or to the AAA+ class of NTPases, which includes several other helicases (25) . Instead, HerA is a member of a distinct family of predicted NTPases related to the TrwB, FtsK and VirB4/ VirD4 families of the PilT class of NTPases involved in various transport processes, including DNA pumping during bacterial cell division. The crystal structure of the TrwB protein has been determined and it has been shown that it forms a hexameric ring structure with a central channel through which single-stranded DNA passes during conjugation (38) . It seems likely that HerA adopts a similar hexameric structure, a feature typical of many helicases (39) .
The most surprising ®nding of this work is that a DNA helicase is capable of loading on either a 3¢ or a 5¢ singlestranded DNA tail and translocating along and unwinding DNA in two opposite directions. To our knowledge, helicases with such properties have not been described so far; in particular, hexameric helicases that form a ring encircling the DNA substrate translocate and unwind the DNA unidirectionally (39) . These results lead to two alternative hypotheses: either the same form of the HerA protein has the intrinsic property to bind DNA with either polarity and to translocate in either direction, or the protein is able to adopt two distinct conformations, each one translocating and unwinding unidirectionally. Structural and microscopy studies are needed to elucidate such intriguing properties.
In most cases, DNA helicases function in association with other protein partners as part of a complex machine. We show in the present paper that HerA homologs are found in all hyperthermophilic archaea and that in most cases, herA gene forms a cluster with the mre11, rad50 and nurA genes. Furthermore, we demonstrate that the four genes are part of the same transcription unit in the hyperthermophilic archaeon S.acidocaldarius indicating that they are probably involved in the same pathway. The archaeal Rad50±Mre11 complex exhibits single-stranded endonuclease and double-stranded 3¢ to 5¢ exonuclease activities similar to their eucaryal and bacterial counterparts (12) . We previously showed that NurA is associated with a single-stranded endonuclease activity and a single-stranded and double-stranded exonuclease activity. This exonuclease activity degrades DNA from the 5¢ ends to the 3¢ ends, the opposite direction of the exonuclease associated with the Mre11 protein, and the products of the exonuclease reaction are small oligonucleotides (15) , as reported for the exonuclease activities associated with the RecBCD complex (40) . Here, we show that the HerA protein has a DNA helicase activity that can act on DNA substrates in the two opposite directions. Recently, Dillingham et al. (41) and Taylor and Smith (23) , showed that the RecBCD complex exhibits a bipolar DNA helicase activity. In addition to the previously described 3¢ to 5¢ helicase activity associated with the RecB subunit, these authors showed that the RecD subunit is also associated with a helicase activity acting in the opposite direction. As stated by Dillingham et al., this ®nding is, at ®rst glance, surprising; however, taking into account the antiparallelism of the DNA duplex and the nature of helicase reactions, the two RecBCD helicases can be considered as two single-stranded DNA motors that bind to opposite strands of DNA breaks and translocate in the opposite polarity but in the same direction relative to the DNA duplex, increasing the processivity of the entire complex. The bipolar helicase HerA ®ts this model except that both helicase activities reside in the same protein. Considering the genomic context of the herA, mre11, rad50 and nurA genes and the functional analogy with the RecBCD complex that constitutes two DNA helicases of opposite polarity, a single-stranded endonuclease, a 3¢ to 5¢exonuclease, and a 5¢ to 3¢ exonuclease, an attractive hypothesis is that archaeal NurA and HerA proteins might act together with the Rad50±Mre11 complex in the processing of DNA ends at the initiation step of homologous recombination. In such a case, the single-stranded endonuclease as well as the exonuclease activities associated with the Mre11 and the NurA proteins should be regulated in order to process DNA ends in 3¢ single-stranded DNA tails. This regulation may be performed by external factors like cis-acting sequences on archaeal chromosomes and/or intrinsinc factors that might be a regulatory role of the Rad50 protein and/or might be the result of protein±protein interactions. The characterization of the concerted action of the four proteins will provide the keys of this complex mechanism.
NOTE ADDED IN PROOF
During the reviewing process of this manuscript, Manzan et al.
(EMBO Rep., 2004, 5, 54±59) reported an archael ATPase which gene is grouped together with rad50, mrell and nurA genes. This ATPase called MlaA corresponds to the bipolar HerA helicase that we characterized in the present paper.
